ABSTRACT A study was conducted to determine if a surface material with antimicrobial properties combined with an effective disinfectant could achieve total clearance of bacterial contamination. Before beginning the project, new rubber picker fingers collected from 3 processing facilities were tested for endogenous microflora. Five species of bacteria common to soil and human handling were present: Bacillus amyloliquefaciens, Bacillus cereus/thuringiensis, Staphylococcus epidermidis, Staphylococcus hominis ssp. novobiosepticus, and Staphylococcus intermedius. In separate experiments, new (unused) rubber picker fingers from 3 manufacturers were exposed to broiler carcass rinses, and the kinetics of bacterial attachment to finger material was determined. Turbidity of the bacterial suspensions at varying dilutions containing picker finger sections was compared hourly with controls to evaluate inhibition. New rubber finger material from the 3 manufacturers significantly inhibited bacterial growth (P < 0.05), without the aid of antibacterial additives. We improved an assay for screening disinfectants against growth of pathogens and determined the activity of 5 disinfectant compounds. Two of the compounds were most effective against Pseudomonas aeruginosa, Listeria monocytogenes, Staphylococcus aureus, Salmonella Enteritidis, and Escherichia coli, and one of the compounds was selected for further study with Salmonella Enteritidis. Scanning electron microscopy confirmed the levels of Salmonella Enteritidis before and after treatment. The most effective compound was nontoxic and completely cleared Salmonella Enteritidis contamination from the rubber picker finger surface.
INTRODUCTION
Rubber picker fingers in defeathering machinery have been implicated in contamination and cross-contamination of poultry products for many years (Keel and Parmelee, 1968; Mafu et al., 1990; Beresford et al., 2001) . As the fingers wear during processing of carcasses, cracks and crevices form, and the rubber swells and takes up liquid that contains processing debris. These changes provide favorable niches for bacterial attachment and biofilm development (Arnold, 1998) . Attachment of bacteria to food-processing equipment surfaces can lead to product contamination, spoilage, and surface destruction (Zottola, 1994) . Biofilm formation is a multistep process whereby bacteria adhere to equipment surfaces and surround themselves with a protective layer of proteins and polysaccharides. Spoilage bacteria and pathogens can be trapped inside biofilms, contaminate product, and compromise food safety during processing (Ronner and Wong, 1993) .
Biocidal agents include several groups of substances that destroy or limit microbial growth on surfaces, such as phenolics, alcohols, and organic acids (Arnold, 2003) . Most sanitation products used in food-processing environments contain a combination of chemicals with active ingredients that depend on the type of soil that is targeted for removal. The type of soil depends on the food product being processed. However, the effects of agriculture on the environment is an important topic that has come to the forefront in recent years. The heavy use of chlorine can be toxic (Kronberg and Franzen, 1993; Henschler, 1994) and has generated concern for the health of employees in processing facilities. Consumers are seeking natural products and ways to "be green" as they awaken to concerns about conserving energy and living healthier (Selzer, 2008) . Compounds with an active agent used as an antimicrobial in animal and human health care could provide a means of control that might eliminate some of the questions often put forth when novel chemical antimicrobials are developed. In response, the number of eco-friendly products has increased for home and industrial use. More biocid-al products from natural sources have become available (Stafslien et al., 2007) .
In this study, bacterial growth and its inhibition on rubber finger surfaces was measured under processing conditions. Initial laboratory assays were targeted to measure the compound concentration required to inhibit growth of bacterial species that are most commonly associated with foodborne illness and food spoilage. Five compounds were evaluated for efficacy in controlling the target bacteria, especially Salmonella Enteritidis, and from the most effective compounds, one was selected for further study. The compound was nontoxic and cleared Salmonella Enteritidis contamination from rubber picker finger surfaces.
MATERIALS AND METHODS

Assessment of New Rubber Picker Fingers
New (unused) rubber picker fingers, without antibacterial additives, from 3 manufacturers were collected from 3 processing facilities, transported to the laboratory, and compared. To determine the numbers of bacteria present on new (unused) rubber picker fingers, ribs were cut, rinsed, and diluted as described previously (Arnold, 2007) . Picker fingers were handled aseptically throughout the experiments. A 3-rib section (10 mm long × 14 mm diameter) was cut from the middle of each finger after removal of the first 6 ribs. The 3-rib sections were individually placed into 10 mL of tryptic soy broth (TSB; Difco Laboratories, Detroit, MI) and incubated at 37°C for 1 h to resuscitate microbial cells. The rib sections in TSB were subsequently mixed with a vortex mixer for 2 min to remove adherent cells, and 10-fold serial dilutions of the wash were prepared in sterile TSB. Aliquots (100 μL) of each dilution were individually spread onto duplicate plate count agar (PCA) plates (Difco Laboratories), which were incubated overnight at 37°C. Colony-forming units per milliliter of wash were determined from the number of colonies on plates with 30 to 300 colonies. Aliquots (0.1 mL) of the rinse dilutions were spread on triplicate PCA plates and incubated at 30°C for 48 h. Individual colonies were picked from these plates and restreaked on PCA plates a minimum of 2 sequential times to confirm culture purity. Subsequently, the bacteria were identified by the Biolog system (Biolog Inc., Hayward, CA) based on substrate utilization patterns (Boothe and Arnold, 2002) . Thereafter, finger samples were treated by UV to kill any resident bacteria before each experiment. Effective treatment by this exposure was confirmed by the absence of bacterial growth in sterile TSB after incubation.
Inhibition Assay
Broiler carcass rinse was collected and measured as described previously (Arnold and Silvers, 2000) . Briefly, New York-dressed carcasses were collected from the commercial broiler-processing facilities that were the source of the picker fingers. Each carcass was bagged and then rinsed with 100 mL of PBS. Aliquots of the rinse were diluted with TSB in duplicate 10-fold series for further testing. Absorbance values of the carcass rinse suspensions were measured by a Beckman DU640 spectrophotometer equipped with a Peltier temperature controller and auto cell holder (Beckman Instruments, Fullerton, CA). Samples were incubated at 37°C, 85% RH, during the experiments. The temperature and humidity chosen represent conditions of the picker room. Before the experiments, wavelength scans from 350 to 750 nm at 1,200 nm/min were made of the carcass rinse suspensions to determine maximum response. During the experiments, spectrophotometric readings of the suspensions were taken at 412 nm (maximum response during the scans). Absorbance values of carcass rinse suspensions containing finger sections from the same processing facility were compared with values of carcass rinse suspensions without finger sections (controls).
Disinfectant Screening
Test organisms were Staphylococcus aureus ssp. aureus (ATCC 25923), Listeria monocytogenes (ATCC 15313), Escherichia coli (ATCC 25922), Salmonella enterica ssp. enterica serovar Enteritidis (ATCC 13076), Enterobacter cloacae (ATCC 13047), and Pseudomonas aeruginosa (ATCC 27853). The organisms were grown separately as recommended by American Type Culture Collection (Manassas, VA), and aliquots were stored at −70°C. To resuscitate, an aliquot was thawed, 200 μL inoculated into 9 mL of TSB, and incubated at 37°C overnight. Aerobic plate counts on PCA confirmed the number of colony-forming units per milliliter of culture in the test and original cultures. For each test, 10-fold serial dilutions of the culture of interest were performed in TSB, and triplicate 100-μL volumes of each dilution in the series of 10 were spread onto PCA plates, which were incubated for 24 h at 37°C before determining the number of colony-forming units.
The activity of the compounds tested was derived from enzymes, iodine, quaternary ammonium, or silver colloid. The compounds were proprietary formulations, each obtained from a separate company and diluted for use according to the recommendation of the manufacturer. Each compound was tested against each organism in 2 trials, and each sample was replicated 3 times within each trial.
Rubber Picker Finger Test
Experimental tubes (final volume of 20 mL) contained TSB in which an overnight culture of the test bacteria was diluted 10-fold and to which one of the following treatments were added: 1) no addition (positive control), 2) rubber sample, 3) rubber sample and test compound (final concentration of 50 mg/mL), and 4) test compound (final concentration of 50 mg/mL). Negative control tubes contained only sterile TSB and rubber. All tubes were incubated for 3 h at 37°C to allow the bacteria to recover from transfer and attach. Subsamples of the test solutions were subsequently serially diluted to 10 −7 in TSB and spot-plated (10 μL) onto PCA plates. Rubber pieces in treatments 2 and 3 described above were removed from their test solution and washed with either 20 mL of distilled water or 20 mL of distilled water with 50 mg/mL of test compound, respectively. Wash samples were serially diluted and plated in the same manner as the test solutions. After incubation of plates at 37°C for 24 h, colony-forming units per milliliter of original test culture or wash suspension were determined. These experimental procedures mimic the sanitation program in the processing plant, which uses hot water to clean the fingers. During processing, temperatures near 37°C in the picker room are common.
Scanning Electron Microscopy
Scanning electron microscopy was used to confirm the extent of bacterial contamination and attachment to rubber surfaces as described previously (Arnold and Silvers, 2000) . In this study, 3-rib sections were cut from fingers and rinsed in 0.1 M cacodylate buffer (Sigma Chemical Co., St. Louis, MO), pH 7.2 to 7.4, before fixation for 2 h in 2% paraformaldehyde:2% glutaraldehyde (Sigma Chemical Co.) in 0.1 M cacodylate buffer. The rubber pieces were rinsed and stored in 0.1 M cacodylate buffer before dehydration in ethanol (graded series from 50 to 100%). Samples were dried in an Autosamdri critical point drier (Tousimis Research Corp., Rockville, MD), mounted on aluminum stubs, and sputter-coated with gold-palladium using a Tousimis sputter coater (Tousimis Research Corp.). Samples were observed with a LEO 982 scanning electron microscope (LEO Electron Microscopy Inc., Thornwood, NY) at magnifications of 1,000, 3,000, and 10,000× and an accelerating voltage of 5 kV. Images for a minimum of 10 fields per rubber sample were obtained. Effective pretreatment of the rubber samples by exposure to UV light for a minimum of 24 h was confirmed by the absence of bacterial growth after introduction of the 3-rib sections into sterile TSB and incubation at 37°C overnight. Negative controls were 3-rib sections that were exposed to the UV light. Rubber samples were treated the same as for the rubber picker finger test, exposed to disinfectant as described in treatments 2 and 3 above, and then washed before scanning electron microscopy.
Statistical Analysis
The data obtained were analyzed using ANOVA (PROC ANOVA, SAS software, SAS Institute Inc., Cary, NC). Significant differences among means were determined by the least significant difference test and Duncan's multiple range test (P = 0.05), which control comparison-wise error rate. The means were also compared by the Student-Newman-Keuls test, Tukey's studentized range (honestly significant differences) test, and Scheffe's test (P = 0.05). These tests control type I experiment-wise error rate. Each trial was repeated, and all samples within each experiment were duplicated.
RESULTS AND DISCUSSION
New (unused) rubber picker fingers obtained from 3 processing facilities were tested to determine whether bacteria were present before use in picker machines. No bacteria could be counted by the conventional technique of rinsing, serial dilution, and streaking on PCA. However, bacteria were isolated after culturing by incubation of the pieces and media enrichment of the samples. Five gram-positive species of bacteria were found: Bacillus amyloliquefaciens, Bacillus cereus/thuringiensis, Staphylococcus epidermidis, Staphylococcus hominis ssp. novobiosepticus, and Staphylococcus intermedius. These bacteria are common on soil and human hands and could result from shipping and handling (Gibbs et al., 1978; Al-Wali et al., 1998; Bilska, 2000) . None are generally recognized as foodborne pathogens. If the rubber picker fingers had been collected from other facilities at different locations, the residual microflora might have been composed of different species.
In a previous study, we showed that new picker finger rubber inhibits bacterial growth, attachment, and biofilm formation (Arnold and Silvers, 2000) . In this study, the increase in absorbance values of the suspensions containing picker finger rubber was less than the control during the course of the experiment, indicating inhibition of bacterial growth (Figure 1) . Although the initial concentration and kinetics varied, the mixture of bacteria in each of the carcass rinse samples reached equilibrium within 6 h. Bacterial growth in the presence of new picker finger rubber was significantly reduced (P < 0.05) for samples from each of the 3 processing facilities.
The initial laboratory assays were targeted to screen 5 disinfectant products with different active compounds for efficacy against Salmonella Enteritidis (Table 1) . Each of the compounds tested reduced the numbers of bacteria by at least 3 logs. Two of the products contained active agents that were mixtures of enzymes, targeted to inactivate substrates or inhibit metabolism (Arnold, 2003) . In comparison with the untreated control samples, numbers of Salmonella were not reduced significantly by the enzyme I product. Although the enzyme II product was the least effective of the remaining products, treatment significantly reduced bacteria from untreated control levels. Each of the remaining products reduced bacteria by 6 logs or more (71 to 100% reduction), and the levels were significantly less than controls, although the reductions were not significantly different from each other. Each product may be prefer-able for a particular environment, depending on the soil type and binding properties of contaminants. The silver colloid, with activity based on a heavy metal, kills bacteria through denaturation of proteins by metal ions (Morones et al., 2005) . The quaternary ammonium product and the iodine-based product inhibit proteins. In fact, iodine has been used commonly in bacterial stains because it forms complexes with dyes that bind to bacteria (Basu et al., 1968; Romero et al., 1988) and is not toxic to humans at appropriate concentrations (Yates et al., 2003) . Therefore, the iodine-based product with greater than 8 log kill (100%) was selected as the test compound for further study.
The compound was further characterized by testing its ability to inhibit growth of bacterial species that are most commonly associated with foodborne illness and food spoilage. To identify possible differences in the efficacy of the compound against bacteria with different cell wall types, both gram-positive and gram-negative pathogens were selected. Gram-positive test organisms were S. aureus and L. monocytogenes. Gram-negative test bacteria were E. coli and Salmonella Enteritidis, E. cloacae, and P. aeruginosa. Salmonella Enteritidis, E. coli, L. monocytogenes, and S. aureus are important food safety pathogens. Pseudomonas aeruginosa is a major player in food spoilage (reduced shelf-life) and E. cloacae has been implicated for food spoilage and pathogenicity. A series of disinfectant concentrations were added to each of a series of bacterial cell concentrations. Measurements were taken by spectrophotometry and aerobic plate counts to measure growth and numbers of colony-forming units for surviving bacteria. The test compound was effective against bacterial cultures of E. cloacae, P. aeruginosa, L. monocytogenes, S. aureus, Salmonella Enteritidis, and E. coli at concentra- Means within a column lacking a common superscript differ (P < 0.05). 1 Products were proprietary formulations, each obtained from a separate company and diluted for use according to the recommendation of the manufacturer.
2 n = 6 for each trial. 3 Ten-fold serial dilutions of the culture of interest were performed in tryptic soy broth, and triplicate 100-μL volumes of each dilution in the series of ten were spread onto plate count agar plates, which were incubated for 24 h at 37°C before determining the number of colony-forming units. 4 Comparison of means with t groupings by trial. Comparison of means with t grouping by untreated and treated indicated that untreated controls were not different. Enzyme I was not different from the control, and the remaining products were less than controls, but the reductions were not different from each other (P < 0.05).
tions of 10 7 to 10 9 cells per milliliter. Here, the species are listed in relative order, from the most susceptible to the most resistant. Some of our cultures were stored at 10 7 cells per milliliter; therefore, that was the highest concentration tested for that culture. The analyzed data are presented in Table 2 . At concentrations of 5 mg/mL and above of iodine activity, all samples had 100% reduction (complete kill) when calculated against bacterial samples without disinfectant. Table 3 shows the clearance of Salmonella Enteritidis from rubber picker finger samples measured under conditions that mimic the picker room processing. The bacteria were allowed to attach during incubation at 37°C. The hot water wash achieved 1 log reduction, and the test compound reduced the bacteria by 8 logs after exposure of picker fingers to the test compound (50 mg/mL). These results are similar to the results by the method for the planktonic cultures shown in Table  2 , except that a 10-fold greater concentration of test compound was required for clearance of the attached bacteria under these conditions. Scanning electron microscopy was used to visualize the surface before and after testing to determine whether bacteria were sequestered by the rubber, and whether there were detrimental changes to the rubber surface or the bacterial cells caused by the test compound. Figure 2 is a representative micrograph composite of the study. Twenty micrographs were examined for each section. Figure 2A shows the control rubber before testing with no bacteria present. Figure 2B shows Salmonella Enteritidis after inoculation and incubation for attachment. The cells began forming the characteristic clumps of early biofilm formation. Bacteria and beginning biofilms were on the outer surface in all the micrographs. Figure 2C shows the finger sample after clearance of the attached bacteria. During examination of the micrographs, no detrimental changes were observed on the rubber surfaces that were exposed to the compound. Some cell fragments and debris were seen, but no intact cells like those in Figure 2B . Further, the results supported the previous efficacy data, indicating the clearance of attached bacteria shown in Table 3 .
In a previous study (Arnold, 2007) , natural populations on picker fingers from the processing plant were measured. Data from rubber picker fingers that had been in use in commercial processing equipment were evaluated. Bacterial counts were approximately 10 4 cfu/mL of rinse from a 3-rib finger subsection. Bacterial counts on picker fingers generally increased if fingers were held at room temperature. Thus, the numbers of bacteria present on finger samples from the plant were lower than in this study. 1 n = 6 for each trial. Means within columns and rows were not different. 2 Ten-fold serial dilutions of the culture of interest were performed in tryptic soy broth, and triplicate 100-μL volumes of each dilution in the series of ten were spread onto plate count agar plates, which were incubated for 24 h at 37°C before determination of the number of colony-forming units. 3 The concentration of 2.5 mg/mL of iodine activity was used to produce the data in the kill (%) column. At concentrations of 5 mg/mL and above, all samples had 100% kill when calculated against bacterial samples without disinfectant. 2 Colony-forming units were measured after treatments that mimic processing conditions, 37°C wash with incubation for 10 min.
3 Control treatment included a water wash. 4 Treatment included iodine-based test compound (50 mg/mL) in wash. 5 Only means after treatment and final wash were different (P < 0.05).
The results in this study indicated that bacterial growth during processing can be inhibited by rubber picker fingers without antibacterial additives. Five compounds were evaluated for efficacy in controlling Salmonella Enteritidis; and from the most effective compounds, an iodine-based compound was selected for further study. Assays showed that the compound reduced the growth of 6 bacterial species that are most commonly associated with foodborne illness and food spoilage. Taken together, the results indicate that Salmonella on rubber picker fingers in the processing plant can be cleared completely by a nontoxic compound. With further study and field trials, the test compound, with an active ingredient based on a food additive, could become a candidate for replacement of chlorine. 
